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Abstract 

We investigate the vector transition form factors of the nucleon and vector meson K* to the 
pentaquark baryon B"*" within the framework of the SU(3) chiral quark-sohton modek We take into 
account the rotational 1/Nc and linear ttt-s corrections, assuming isospin symmetry and employing 
the symmetry-conserving quantization. It turns out that the leading-order contributions to the 
form factors are almost cancelled by the rotational corrections. Because of this, the flavor SU(3) 
symmetry-breaking terms yield sizeable effects on the vector transition form factors. In particular, 
the main contribution to the electric-like transition form factor comes from the wave-function 
corrections, which is a consequence of the generalized Ademollo-Gatto theorem derived in the 
present work. We estimate with the help of the vector meson dominance the K* vector and tensor 
coupling constants for the G"*": gK*NQ = 0.74 — 0.87 and fx'Ne = 0.53 — 1.16. We argue that the 
outcome of the present work is consistent with the null results of the CLAS experiments in the 
reactions jn — > K~Q~^ and 7p — > ^'^G'*'. The results of the present work are also consistent with 
the recent experiments at KEK. In addition, we present the results of the S^j NK* transition 
form factors and its K*NTijq coupling constants. 
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I. INTRODUCTION 



Since Diakonov, Petrov and Polyakov [1| predicted the mass and width of the exotic 
pentaquark baryon O"*" (with leading Fock- component uudds) , the pentaquark baryons have 
attracted much attention (see also an earlier estimate of the mass by Praszalowicz in the 
soliton approach of the Skyrme model [2|). After the LEPS collaboration has reported the 
evidence of the 0+ first many experiments have announced its existence 0, M Bi ^ 



I, [To 



14 



while the 



has not been seen in almost all high-energy experiments [1^, He 
20| (see Ref. 21| for a review of the experimental status until 2005). 



Actually, a series of very recent CLAS experiments, i.e. dedicated experiments to search for 



23, 24, 25 and has casted doubts on its 



the 0"'", has reported null results of the 0"'" 
existence. On the other hand, the DIANA collaboration has continued to search for the 
and reported very recently the formation of a narrow pK^ peak with mass of 1537±2 MeV/ 
and width of F = 0.36±0.11 MeV in the K^n — > K'^p reaction [2^. Moreover, several other 



new experiments with positive results for the 0+ have been reported [27|, 128|, 129|, 130|, 131 
Thus, it is too early to conclude the absence of the 0+ and more efforts should be put for 
understanding the 0"*" theoretically as well as experimentally. It was also shown that results 
of different current experiments may be reconciled with each other by the specific hypothesis 



341 . 135j has reported re- 



about the @^ production mechanism 

In addition to the 0+ search, a recent GRAAL experiment 
suits on the cross section of ?7-photoproduction off the deuteron. The authors have identified 
a resonant structure around 1.67 GeV in the neutron channel, while they have not seen it 
in the quasi-free proton channel. In the same paper it has been shown that a resonance of 
10 MeV width would be enhanced to the measured 40 MeV width by Fermi motion of the 
neutron in the deuteron. This new resonance is consistent with the theoretical predictions 
by Ref. j36|. 



37l | of a new nucleon-like state in that mass region. Actually, the narrow width 



and its dependence on the initial isospin state are benchmarks for the photo-excitation of 
the nonstrange anti-decuplet pentaquark as was suggested in Ref. jll]. The cross section 
of photo-excitation of the anti-decuplet proton state should be suppressed relative to the 



neutron one [38|, |39| and in fact it is. In the photon beam asymmetry S, however, the 



corresponding signal can be enhanced due to interference effects. A new analysis of the free 



proton GRAAL data in Refs. [40|, |41[ has revealed the resonance structure in S at a mass 
around 1685 MeV with a width of < 15 MeV. The results of the analysis of do not agree 
with those of Ref. 4^. A discussion of this point can be found in Ref. j4l[. Furthermore, 
the LNS-GeV-7 collaboration (isl . 44] has reported a new resonance at 1670 MeV with a 
width of < 50 MeV in the 7(i — > rjpn reaction. This resonance is enhanced in the 771. — rjn 
reaction and in the cross section no coupling to the quasi-free proton channel is observed. 
Moreover, the CB-ELSA collaboration 45|] has also announced the data compatible with 
those of GRAAL and LNS-GeV-7, which are studied theoretically in Ref j46|. All these ex- 
perimental facts are consistent with the results for the transition magnetic moments in the 

, 11] as well as with phenomenological results 117 



chiral quark-soliton model (xQSM) 
Moreover, recent theoretical calculations of the 7A^ — > rjN reaction [48|, |49| describe quali- 
tatively well the GRAAL data, based on the values of the magnetic transition moments in 
Refs. la 



47 



491 ]. one may consider them hint that 



From these calculations [46|, |4^ 
the A^* resonance seen in the GRAAL experiment could perhaps be identified as one of the 
nonstrange pentaquark baryons. 

The null results of the CLAS experiments imply that the total cross sections of the 



2 



22 



found the total cross section for 
i CL upper limit. Similarly, 



25 



relevant reactions should be very small. In fact, Ref. 
the G"*" in the 7p — >■ K^K^n reaction to be 0.8 nb in the 95 

it was found to be 0.7 nb in the combined 7p — >■ K^K^n and 7p — * K^K^p reactions 
The upper limit of the cross section for the elementary 777, — > K~Q^ process was estimated 

In fact, these small numbers are consistent with predictions of 
prior to the CLAS measurements. It is known from theoretical 



to be around 3 nb [23 
501 1 and of Ref. 

5 



Ref. 

works 



51 



51 



53l | that vector meson K* exchange plays an essential role in describing the 
mechanism of both the 771 — *• K~Q'^ and 7p — > K^Q^ reactions, the parity of the 0"*" being 
assumed to be positive. In particular, the total cross section of the 7p — > ^''0"'' reaction 
is rather sensitive to the contribution of K* exchange, since other contributions turn out 
to be very tiny. Since, however, there is no solid information on the coupling strength for 
the NK* 0+ vertex theoretically as well as experimentally, it is crucial to provide some 
theoretical guideline to estimate the coupling strength for the K*NQ^ vertex. 

Thus, in the present work, we aim at investigating the vector transition form factors for 
the NK* — 0+. Since the mass difference between the 0"'' and N is not at all small, the 
divergence of the transition matrix elements does not vanish. While the vector transition 
form factors can be interpreted as the K* coupling strengths, the divergence of the transition 
vector current is related to the coupling strength for the scalar meson k. However, we want 
to concentrate in this work on the vector transition form factors for the NK* 0"*". It can 
be shown that the NK* — >■ 0+ transition form factor of the time component of the vector 
current, i.e. the electric-like transition form factor is suppressed due to a generalization of 
the AdemoUo-Gatto theorem. The transition form factor of the time component of the vector 
current at = arises only from the wave-function corrections, i.e. from the mixing angle 
between the octet and anti-decuplet representations. Indeed, we will show in the present 
work that the electric-like transition form factor for the NK* — 0^ is suppressed, based 
on the xQSM with isospin symmetry and symmetry-conserving quantization [H^] imposed. 
For completeness, we will also present the results for the vector transition form factors and 
coupling constants for the A^^* — > S^^. 

The xQSM has been proved very successful not only in predicting the 0+ but also even 
more in describing various properties of SU(3) baryon octet and decuplet such as the mass 
splittings, form factors and parton and antiparton distributions [| 



57, 58, 59, m 



61 



63|, 16J, 165|, 166|, 167|, |68 



In particular, the dependence of almost all form factors 
on the momentum transfer is well reproduced within the xQSM. As a result, the strange 
electromagnetic form factors 6^ and the parity- violating asymmetries of polarized electron- 
proton scattering, which require nine different form factors (six electromagnetic form factors 



^^e'm^\Q'^) three axial-vector form factors G'^'"'*''((5^)), are in good agreement with 
experimental data [tO]. Therefore, it is worthwhile to extend the study of the form factors 
to the baryon anti-decuplet within the xQSM. Such a study is particularly interesting since 
in the xQSM the ds-component of e.g. the 0"*" does not consist of valence quarks (as 
e.g. all the quark models suggest), but is formed by the collective excitation of the chiral 
mean field generated by the rotation of the soliton. In the case of the 0''" {uud{ds)) this 
collective excitation carries the quantum numbers of a valence ds-pair. Thus the leading 
Fock- component of the 0"'" is uudds, however, probably with many subleading terms. 

We sketch the present work as follows. In Section II, we describe briefly the general 
formalism about the vector NK* — 0"*^ transition form factors. In Section III, we explain 
the vector-meson dominance to relate the electromagnetic-like transition form factors to the 
vector and tensor coupling constants for the K*NQ~^ vertex. In Section IV, we generalize 



{u,d,s) I 



3 



the AdemoUo-Gatto theorem in the context of the — 0"*" transition. Section V shows 
how to derive the transition form factors in the xQSM. In Section VI and Section VII, we 
present our results for the transition form factors and coupling constants and and discuss 
them. In the final Section we summarize the present work and draw conclusions. Some 
detailed expressions can be found in the Appendix. 



II. GENERAL FORMALISM 

We start with the vector current relevant for the NK* — > transition. We will con- 
centrate here only on the nK* — s> 6"*" transition, since the pK^ one can be directly 
obtained due to the isospin relation that yields an overall factor —1. The relevant vector 
current for this process is defined as 



iX^]ip{x) = s(x)7^u(x) 



(1) 



where iIj{x) = {u{x),d{x), s{x)) denote the corresponding quark fields and A" are flavor 
SU{3) Gell-Mann matrices. The matrix element of the vector current in Eq.([T]) can be 
expressed in terms of three real transition form factors F"® as follows: 



ue{p',s') 



{q^)q^■ 



Me + M^ 



Me + M^ 



Un{P, s), 

(2) 



where 



-Q^ is the square of the four momentum transfer q 



p — p. 



The u 



n(e) 



represents the Dirac spinor for the neutron (O"*") with momentum p {p') and spin s (s'). 
The Mn{e) stands for the mass of the neutron (O"*"). Because of the mass difference between 
the neutron and the Q~^, the vector current is not conserved in this case: The matrix element 
of its divergence is then given as ^ 



{mu-ms){Q'^{p')\su\n{p)) = Ue{p',s')ur, 



Fi"®(g^)(Me-M„) 



Me + M„ 



. (3) 



From now on we will assume isospin symmetry and use the average m = (m^ + md)/2 for 
the up- and down-quark masses. The rris denotes the strange current quark mass. 

In the present scheme, it is more convenient to calculate the Sachs-type transition form 
factors and G^f, which we will now denote from now on as electric-like and magnetic- 
like transition form factors, since they are directly related to the matrix elements of the time 



and space components of the vector transition current [7l|, |72 



dVLn 



4:71 



{e{p')\jmHp)). 



3M„ 



Air 2 I o P 



{e{p')\4mn{p)). 



(4) 



^ As one can see, the divergence of the vector transition current is related to the matrix element of the 
scalar operator sm, which indicates that the combination of the transition form factor Fi and will 
provide information on the scalar meson n coupling constant for the uNQ'^ vertex. 
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Choosing the rest frame of the G"*", i.e. = (Me, 0) and p = {En, —q) and using Eq.( 
we obtain the following relations: 



2Mn 



The kinematics in this frame is given by 

In order to separate F"® (Q^) from the Sachs- type form factors, we need one more form factor, 
that is, the scalar transition form factor. However, since we are interested only in the K*QN 
coupling constants, we will concentrate in the present work only on the electromagnetic-like 
transition form factors G^^{Q'^) and G^f{Q'^). 



III. VECTOR MESON DOMINANCE 

In order to determine the coupling constants of the vector meson K* to the nucleon 



and Q~^, we want to use the vector meson dominance (VMD) [73|, |7^. In the VMD, the 



corresponding transition vector current is identified by the current-field identity (CFI) [7 



as 



2 

777 

J^{x) = -six)ruix) = ^K*^{x), (7) 

JK* 

where mx* = 892 MeV denotes the mass of the vector meson K*. The generalized K* 



meson coupling constant fx* can be determined by the following relation [75 



with 



3r(pO e+e-) ' ^ ' 

where = 770 MeV and fp are the p-meson mass and the photon-p meson coupling 
constant, respectively. The a is the electromagnetic fine structure constant and the decay 
width r(p° — > e+e") is given by [t^ as (7.02 ± 0.11) keV, from which we get the photo- 
coupling constants fp and fx*'- 

fp^AM, fK*^ 5.71. (10) 

Using the CFI in Eq.Q and VMD, we can express Eq.([2]) as follows: 

771 ^ 1 

{e{p')\s^'^u\n{p)) = -{e{p')\K*'^\n{p)), 



5 



{eip')\K*^\nip)) = ueip',s') 

where the gK*ne{Q^) and fK'neiQ"^) denote the vector and tensor couphng constants for 
the K*Qn vertex, respectively, and they are related to the Diac and Pauli transition form 
factors Fi"®(Q2) and F^^iQ"^) in Eq.®: 

In fact, there is a third coupling constant is related to the k coupling constant together with 
the vector coupling constant gx'ne- However, we will drop it, since it is not relevant for the 
present work as discussed before. We will use Eg. (1121) later in order to estimate the coupling 
constants from the vector transition form factors calculated in the xQSM. 



^Me + Mn 



Un[P,S) 



:ii) 



IV. FORM FACTORS IN THE xQSM 

In this Section, we briefly review how to derive the vector transition form factors for 
the nK*^ — > 0"*" process within the framework of the xQSM. The details can be found in 



Refs. |58l. ull. |72|. 1771] . The SU(3) xQSM is characterized by the following partition function 
in Euclidean space: 



r'7rexp(-S'efT[7r]), 



(13) 



where -j/^ and vr denote the quark and pseudo-Goldstone boson fields, respectively. The S^ff 
stands for the effective chiral action expressed as 



efr 



-iV,TrlnL)f7r) 



(14) 



where Tr represents the functional trace, the number of colors, and D the Dirac differ- 
ential operator in Euclidean space: 



D{U) = 74(i^ - m - MU^') =di + h{U) + 5m. 



(15) 



The rh denotes the current quark matrix m = diag(m, m, mg), isospin symmetry being 
assumed. The designates the derivative with respect to the Euclidean time and h{U) 
stands for the Dirac single-quark Hamiltonian: 



h{U) = -2747i'9^ + 74Mf/^^ + 74m. 
The Sm is the the matrix of the decomposed current quark masses: 
6m = M174I + M874A^ 



(16) 



(17) 



where Mi and Mg are singlet and octet components of the current quark masses defined as 
Ml = (— m + ms)/3 and Mg = (m — m^) / ^/S. The fn is the average of up- and down-quark 
masses. The chiral field If-' is written as 



U^' = exp(i75AV") 



75 



U 



75 



(18) 
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with U = exp{iX°"ir°') . We assume here Witten's trivial embedding of SU(2) into SU{3): 

Usvm = {'^'"''> \) (19) 

with the SU(2) hedgehog chiral field 

f/su2 = exp[275n-rP(r)]. (20) 

In order to solve the partition function in Eg. (1131) . we have to take the large limit and 
solve it in the saddle-point approximation, which corresponds at the classical level to finding 
the profile function P{r) in Eq. fl20p . In fact, the profile function can be obtained by solving 
numerically the functional equation coming from 6Scs/SP{r) = 0, which yields a classical 
soliton field Uc constructed from a set of single quark energies En and corresponding states 
\n) related to the eigenvalue equation h{U)\n) = En\n). 

Since the classical soliton does not have the quantum number of the baryon states, we 
need to restore them by the semiclassical quantization of the rotational and translational 
zero modes. Note that the zero modes can be treated exactly within the functional inte- 
gral formalism by introducing collective coordinates. Detailed formalisms can be found in 
Refs. 58|, |7l|]. Considering the rigid rotations and translations of the classical soliton Uc, we 
can express the soliton field as 

Uix, t) = A{t)Uc{x - z{t))A\t), (21) 

where A{t) denotes a unitary time- dependent SU(3) collective orientation matrix and z{t) 
stands for the time-dependent displacement of the center of mass of the soliton in coordinate 
space. 

Having introduced the zero modes as mentioned above, the Dirac operator in Eq. fllSp is 
changed to the following form: 

D{U) = T,it)A{t) [d{Uc) + tm - fl^.^T^^t) + t^^A\t)6mA{t)'^ Tl^t)^\t), (22) 

where the Tz(^t) denotes the translational unitary operator and the Q{t) represents the angular 
velocity of the soliton that is defined as 

Q = -iA^A = -^Tr(AUA")A" = ^fi„A". (23) 

Assuming that the soliton rotates and moves slowly, we can treat the fl(t) and Tli^^-^Tz{t) 
perturbatively. Moreover, since the fiavor SU(3) symmetry is broken weakly, we can also 
deal with 5m perturbatively. 

Having quantized collectively, we obtain the following collective Hamiltonian 

-f^coU = -ffsym + -f^sb, (24) 

where -ffsym and ifgb represent the SU(3) symmetric and symmetry-breaking parts, respec- 
tively: 

1 . ^ 1 ^ 1 

Hsym = Mc + — ^ JiJi + — ^ Ja-Ja + =^1^5(7(2), 
^ i=l ^ a=4 
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/fsb = aDf^{A)+(3Y + ^Dt^{A)J, 



(25) 



The Mc denotes the mass of the classical soliton and Jj and Ki are the moments of inertia of 
the soliton (58|], of which the corresponding expressions can be found in Ref. explicitly. 
The components Jj denote the spin generators and Ja correspond to those of right rota- 
tions in flavor SU(3). The T,su{2) is the SU{2) pion-nucleon sigma term. The D\^{A) and 

Df^{A) stand for the SU(3) Wi gner D functions in the octet representation. The Y is the 
hypercharge operator. The parameters a, and 7 in the symmetry-breaking Hamiltonian 
are expressed, respectively, as follows: 



a 



1 1 
m ^3 



SU{2) 



1 



-2V3Ms 



h 



K2 
h 



■ (26) 



The collective wave-functions of the Hamiltonian in Eg. (12^ can be found as SU(3) Wigner 
D functions in representation TZ: 



{A\n,B{YIhXJJz)) = '^ 



(n;Yih) 

{n*;Y'.J.h) 



{A) = v/dhi^(-)-^3+y'/2^W*^^^^_^,^^_^^^(^). (27) 



The Y' is related to the eighth component of the angular velocity Q that is due to the 
presence of the discrete valence quark level in the Dirac-sea spectrum. Its presence has no 
effect on the chiral field, so that it is constrained to be Y' = —N^/S = —1. In fact, this 
constraint allows us to have only the SU(3) representations with zero triality. 

The effects of flavor SU(3) symmetry breaking having been taken into account, the col- 
lective baryon states are not in a pure representation but start to get mixed with other 
representations. This can be treated by considering the second-order perturbation for the 
collective Hamiltonian: 



I R^^ym 



M{n) 



(28) 



Then, the collective octet and anti-decuplet baryon wave-functions result in the following 
expressions [tI, 8^: 



|e+) 

\n) 



10:200, 



^:1- 



1 



1 1 
-1 — 
22 

,-1- 



1 1 



22 



"27 



27: 200, 



10:1- 



1 1 
-1 — 
22 

1 

" 2' 



"35 



35; 200,-1^^ 



1 1 



22 



^27 



27; 1- 



1 



The mixing coefficients are obtained from Eq. (l28|) and yield as follows: 



"lO 



10' '-27 



V6C27, df = 0, ci® = \/y^'^27, 



d 



35 



1 1 



22 



.(29) 



(30) 



with 



-10 



15 V 2 
I2 / 1 

= + 2^ ) ' '^27 



25 






8 


a — 


b 



1 '^35 



h ( 1 



(31) 
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Now, we are in a position to evaluate the baryonic matrix element given in Eq.([2]) within 
the framework of the xQSM. In general, the baryonic matrix element of a vector-current 
operator = iip^'yuX^ip can be expressed as the following correlation function in the 
functional integral: 

{B'{p')\J^{0)\B{p)) = ]- lim e-*?'4i+^p4 / x' x e'^^''^-''^' 

Z T— »oo J 

X I P^tp^Pf/J^, J-^^(0)4 ,-/<.^x^t^(^)^_ ^32^ 

with the baryonic current that consists of N^. quarks: 



Here, ai ■ ■ ■ denote spin-flavor indices, whereas ii ■ ■ -inc represent color indices. 

We can solve Eq. fl32l) in the saddle-point approximation justified in the large limit. In 
this approximation and with the help of the zero-mode quantization, the functional integral 
over the chiral field turns out to be the integral over the rotational zero modes. Since we 
will consider the rotational l/Nc corrections and linear rris corrections, we expand the quark 
propagators in Eq. (!32|) with respect to Vl and 5ra to the linear order and T^^^^Tz(t) to the 
zeroth order. 



Having carried out a tedious but straightforward calculation (see Refs. |58|, [Dj for details), 
we finally can express the baryonic matrix element in Eq. ([2]) as a Fourier transform in terms 
of the corresponding quark densities and collective wave-functions of the baryons: 

{B'{p)\J^mB{p)) = JdAj d'z e^'^-n'iA)J';l{^)^B{A), (34) 

where "^{A) denote the collective wave-functions and JFJ represents the quark densities 
corresponding to the current operator ^7^. 

Following the formalism presented above, we arrive at the final expressions for the 
electromagnetic-like nK^* —>■ G"*" transition form factors written as follows: 

'^EiM)W ) — ^E{M) \^)-r^E{M) W J + <-^£;(m) W ) + ^ E{M) WJ: W^) 

where the first term corresponds to the leading order (f2*^,m°), the second one to the ro- 
tational 1/Nc corrections (f2^,m^) and the third and the last ones to linear rUg corrections 
coming from the operator and wave-function corrections, respectively. 

Since we have employed the large limit to solve the matrix element of Eq. flMl) . we also 
should consider it consistently in the relation of Eq.dH]). Since the mass of the can be 
related to that of the neutron in the xQSM by 

3 1 

Me = M„ + -— + const ■ m^, (36) 
2 h 

where M„ and I2 is proportional to Nc, i.e. M„, I2 ~ 0{Nc). Thus, the second term is of 
order 0{N~^ ,m^^) and the third term of order 0{N^, "f^D- In the present work, we take into 
account systematically only orders of 0{Nc,m'^), 0{N~^ ,771^, and 0{N^,ml) for the quark 
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densities J-'j^{z), while we consider 0{N^ ,m}^) order for the translational modes. Inserting 
Eq. (l36l) in Eq.(l6]) and taking all terms of order 0{N^ ,m^), we end up with 



g2 ^'^^"^ Q^. 



(37) 



Thus, we can express the electromagnetic-like transition form factors as functions of as 
follows: 



in 



3Mn 



{Q{p')\4mn{p)) = / d'zU\QM)OE{z 



47r z I Q |2 
,3. Ji(IQII^I) 
IQII^I 



(e(pOl4(o)|n(p)) 



(38) 



(39) 



where jo and ji denote the usual spherical Bessel functions. The Qe and Qm repre- 
sent the electric-like (magnetic-like) transition densities. The final expressions for the 
electromagnetic-like transition densities are expressed as follows: 



-,(ml),op. 



-,{ml),wf/ 



1 




15 



B{z) 



13 /I 



2/i V 15 




A'f 1 / 1 
-^-^-\hlC,{z)-KMz)] 




C{z) 




3 /5 



7 /3 



1 1 



9 /5 



^10 



2 V 3 



C27 



5 /3 



2 V 5 



^2(^2), 



(40) 



Qo{z) + -Q^{z) 
-'1 



lij^A-Uz) + ^"2(2) 
/i4V 15 ^ /2 2 V 15 ^ ^ 




MiW— + Ms—\- 
^'15 ^12V5 



1 11 
12 



3A^i(z)-^A'i(2) 



3M2{z) - ^X2(z) 



1 

2 

1 1 

A2 

1 1 

'h2 



1 /5 
1 /5 



5/5 11 
^8V3+'''24V5 



Qo{z) 
X,{z) 
X2{z) 



yQi{z) 



(41) 



The explicit expressions for B{z),Ti{z),C{z),lCi{z), Qi{z),Xi{z) and J^i{z) can be found 
in Appendices \M and El 



10 



Using the following relations ^: 

dhB{z) = 3, ^ [ d^zX,{z) = 1, ^ / d^zlCiiz) = 1, / d'^zCiz) = 0, (42) 



we can see that G^® at = turns out to be just proportional to c^, i.e. we have for 

(0) = v^CTo = v^c^. (43) 

This is a very interesting result, since it is a consequence of the generalized Ademollo-Gatto 
theorem that we will prove in the next Section. 

In the large Nc limit, the relations given in Eq.(l5]) can be simplified. In this limit, we 
have 



En = VW+Wn = e^ = m^ + J^^+0{n; 



{Me + Mn){En + Mn 

0{N-') + 0{N-\ml) + -- - . (44) 



g° Mq — En, Nc-^oo ^^^^T-2\ , /n^AT-l l^ 



Me + Me + M„ 

Thus, the electromagnetic-like transition form factors derived in the xQSM are simply re- 
lated to the Dirac and Pauli transition form factors as follows: 

(Q2) = F-'^iQ'), (45) 
G^®(g2) = Fi"®(Q2) + F2"®(Q2). (46) 



V. A GENERALIZATION OF THE ADEMOLLO-GATTO THEOREM 



In the present Section, we generalize the Ademollo-Gatto theorem |8ll . |82| for the K* 
electric-like transition form factor for the nK*^ O'^ ^. The scalar current 'su in Eq.(l3]) 
can be treated as an octet representation, i.e. it behaves like su = ^{X4, — iX^)'^/\/2 = (k~)^ 
where \1/ denotes the quark field in the SU(3) fundamental representation. Here, we use the 
de Swart phase convention [sl]. Thus, we obtain 



(0+|su|n) =^ [(0+1 O (k~|] \n) 



2 



(47) 



which is just one of the SU(3) Clebsch-Gordan coefficients [8J]. We can relate this matrix 



element ( H7|) to the wave-function corrections c^: First let us consider the following transi 
tion matrix element (n|ss|n]]j) in which the scalar current ss is a part of the SU(3)-symmetry 



^ The B represents the baryon-number density muhiphed by the number of valence quarks, i.e. three for 

the neutron as well as for the 0+ here. 
^ This generalization was first done by M. V. Polyakov to whom the authors are thankful. In the Skyrme 

model a similar formalism has been described in Ref. [83| , though the generalized Ademollo-Gatto Theorem 



was not discussed in Ref. 



in connection with the transition from the to the nK 



*+ 
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breaking Hamiltonian. The mixing parameter between the baryon antidecuplet and octet 
can be related to the octet part of the symmetry-breaking term in the effective Hamiltonian: 



{njQ\Hsh\n) -{nis - m){njQ | ss | n) 



ao 



Mr, - Mn, 



(48) 



The scalar current ss can be regarded as a mixture of the singlet and octet currents, i.e. 
ss = y^Vi ~ \ so that we have 



(n 



10 



ss|n) 



n 



10 




n 



(49) 



with -qi = (uu + dd + ss) / \/3 and 773 = (uu + dd — 2ss) / v^. Comparing Eq. fH^ with Eq. (H71) , 
we get the following relation: 



(G'^ I su I n) = —V3{njQ | ss | 
Thus, Eq.(l3]) can be expressed for = as 

(Me - M„)Fi'^®(0) = v^cyM„_ - M„), 
which leads to the same expression as Eq. (l43l) : 



(50) 



(51) 



10 Me - Mn 



10 



(52) 



Since is already known to be of linear order in rris from Eq. (l3T|) . we conclude that Eq. ( 14311 
is just a consequence of the generalized AdemoUo-Gatto theorem. It asserts that the vector 
transition between the baryon octet and antidecuplet receives the linear rris corrections, 
while that within the baryon oct et g ets at most corrections, which is just called the 
original AdemoUo-Gatto theorem 81|- The present case is similar to the case of the kaon 
semileptonic decay form factors: The vector transition between the Goldstone bosons has 
also linear mg corrections due to explicit chiral symmetry breaking 85|, |86l . 



VI. RESULTS AND DISCUSSION FOR THE TRANSITION FORM FACTORS 



We discuss now the results obtained from the present work. We refer to Refs. [581, 121 
for a detailed description of numerical methods. Note that the only free parameter of the 
xQSM is the constituent quark mass M. In general, most form factors of the baryons are 
insensitive to the value of the M. Usually, the M was chosen to be M = 420 MeV with 
which the best fit to many nucleon observables 58|, [GJ, lDJ, |87|]. However, as we will show in 
the next Section, the K*NQ^ coupling constants are somewhat sensitive to the M, so that 
in the present work we select the M varying from 400 to 450 MeV. The other parameters of 
the model are the current nonstrange quark mass and the cut-off parameter of the proper- 
time regularization: They are all fixed for a given M in such a way that mesonic properties, 
i.e. the physical pion mass and decay constant, are exactly reproduced. The masses of the 
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FIG. 1: Electric-Like transition form factor G^® for the nK*~^ as a function of Q^. In the 

left panel, the dependence of the form factor on the constituent quark mass M is drawn. The solid 
curve depicts the form factor with M = 420 MeV, while the short-dashed and long dashed ones 
represent that with M = 400 and M = 450 MeV, respectively. In the right panel, each contribution 
to the electric-like transition form factor is shown with M = 420 MeV. The solid curve depicts the 
wave-function corrections, while the long-dashed one draws the rus corrections from the operators. 
The short-dashed one represents a sum of the leadning-order and rotational 1/Nc corrections. 



current quarks are selected to be m = 8 MeV and rris = 180 MeV. These parameters are 
known to be the best to describe the mass-sphtings between different baryon representations. 

Figure [U draws the electric-hke transition form factor as a function of for the 
nK* . As shown in the left panel of Fig. [1], its dependence on the constituent quark 

mass M is almost negligible. In the right panel of Fig. [1], we draw each contribution to 
the form factor. It is shown that the only contribution which survives at = is the 
wave-function correction with cjo, which is a consequence of the generalized Ademollo- 
Gatto theorem discussed in Section |Vl As increases, however, all contributions become 
finite but are negative except for the wave-function corrections. In particular, the leading- 
order and rotational contributions decrease till ^ 0.4 GeV^, they start to increase rather 
mildly. The leading correction decreases monotonically very slowly. In the lower 
region, the wave-function corrections are dominant, whereas the magnitude of the leading- 
order and rotational l/N^ contributions overcome those of the wave-function corrections 
from ^ 0.4 GeV^. Due to this fact, the total electric-like transition form factor for the 
— ^ nK* transition turns out to be negative around ^ 0.27 GeV^, as shown in Fig[2l 
where effects of SU(3) symmetry breaking on the electric-like transition form factor are 
drawn. 

As can be seen from Fig. [21 the electric-like transition form factor G^® behaves quite 
differently from the proton electric form factor that can be well fitted by the dipole form 
factor: G^(Q^) = (1 + Q^/Mj)-^ with the dipole mass = 0.84 GeV in the lower 
region |88|]. Moreover, the proton electric form factor is always positive through the whole 
region of Q^. However, the eletric transition form factor G^® turns negative from around 
— 0.27 GeV^. Thus, we want to parameterize the present results for the in an 
appropriate way. It is of great use to make such a parameterization, since it can be directly 
employed in relevant reaction calculations. We introduce the following parameterization to 
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FIG. 2: Electric-Like transition form factor G^® transition for the nK*^ as a function of 

Q^. The sohd curve depicte the form factor with the strange current quark mass ?ns = 180 MeV, 
while the dashed one draws that with the mg turned off. The constituent quark mass is taken to 
be 420 MeV. 
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FIG. 3: The parameterization of the electric-like transition form factor G^® for the nK*'^ — > 0"*" 
as a function of Q^. The solid curve depicts the parameterized form factor according to Eq. ()53p . 
whereas the dashed one is due to the dipole-type fit of Eq. (j54p . The dotted one draws the final 
result of the present work with mg = 180 MeV and M = 420 MeV. 



reproduce the final result shown in Fig. [21 

Gf{Q')= , (53) 

where A^; stands for the electric cut-off mass. In order to consider the fact that the 
becomes negative from around ~ 0.27 GeV^, parameter h is introduced and is fitted to 
be 6 = —0.04. Power a is rather sensitive to the constituent quark mass, while A^; depends 
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on it weakly. In Tabled we list the results for the fitted Ke and a. The parameteriztion 



TABLE I: Fitted parameters and power of the parameterization given in Eqs. (j53p and ()54p as 



functions 



nis 


= 180 


G% a Ae Md 


M 


= 400 


0.192 6.33 0.394 0.487 


M 


= 420 


0.182 9.01 0.402 0.487 


M 


= 450 


0.169 37.6 0.411 0.480 



of Eq. fl53l) reproduces the present result very accurately, as shown in Fig. [31 Instead of using 
the parameterization in Eq. fl53|) . we could also use the dipole form factor to fit the present 



result for the G^® as follows: 



0.04, 



(54) 



where is called the dipole mass. Though the shape of the dipole form factor is qual- 
itatively similar to the calculated G^® from the present model, it does not reproduce it 
quantitatively. 
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FIG. 4: Magnetic-Like transition form factor for the nK*~^ 



as a function of Q^. In 

the left panel, the dependence of the form factor on the constituent quark mass M is drawn. The 
solid curve depicts the form factor with M = 420 MeV, while the short-dashed and long dashed 
ones represent that with M = 400 and M = 450 MeV, respectively. In the right panel, each 
contribution to the magnetic-like transition form factor is shown with M = 420 MeV. The solid 
curve depicts the leading-order contributions, while the long-dashed one draws the rotational 1/A^c 
corrections from the operators. The short-dashed one represents the mg corrections together with 
the wave-function ones. 



We now discuss the results for the magnetic-like transition form factor G^f. In the left 
panel of Fig. HI we draw the G^, varying the constituent quark mass from M = 400 MeV 
to M = 450 MeV. In contrast to the electric-like transition form factor, the magnetic-like 
one depends noticeably on M in the lower region, as can be seen from the left panel of 
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Fig. m The magnetic-like transition form factor with M = 400 MeV is approximately 30 % 
smaller than that with M = 450 MeV. We will take this difference as our model uncertainty. 

We depict in the right panel of Fig. H] each contribution to the magnetic-like transition 
form factor G^f. Note that there is a large cancellation between the leading-order contri- 
bution and the rotational l/N^ corrections. This is again very different from the case of 
the proton magnetic form factor to which the leading order and rotational l/N^ corrections 
contribute constructively. As a result, though the linear rris and wave-function corrections 
look negligibly small, they turn out to be nonnegligible. Thus, the effect of SU(3) sym- 
metry breaking is of great significance to describe the magnetic-like transition form factor 
for the 6+ nK* . Because of this large cancelation, the magnetic-like transition form 
factor becomes rather small, as shown in Fig. [5l Since the corrections contribute to the 
magnetic-like transition form factor negatively, the G^f in the SU(3) symmetric case turns 
out to be almost 50% larger than that with SU(3) symmetry breaking. Actually, this fact 
will play a very interesting role in determining the K* coupling constants for the G^. 

As already discussed in the case of the electric-like transition form factor G^®, the 
parametrization of the magnetic-like transition form factor is also of great interest for the 
same reason. Empirically, the proton magnetic form factor is parameterized just in the same 
way as the electric form factor: G^((5^)//in = (l + Q^/Mj)"^ with the common dipole mass 
Md = 0.84 GeV in the lower region |88| ^. The appropriate parameterization for the 
magnetic-like transition form factor can be written as 

GlfiQ') = , ^1,. , (55) 



where Aa^ is the magnetic cut-off mass. In Table [TTl the results for fitting are listed for the 
case of mg = and rus = 180 MeV, respectively. In the case of the magnetic-like transition 
form factor, the parameters and power are rather stable as M varies. The parameteriztion 
of Eg. (155!) reproduces very well again the result for the G^f , as can be seen from Fig. [61 If 



This common dipole form factor deviates from the experimental data as increases 89 1 
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TABLE II: Fitted parameters and power of the parameterization given in Eqs. (|55p and (j56p as 
functions of the constituent quark mass M in the range of < < 1 GeV^ . 
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Gl^ a Am Md 
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= 180 


Go a A Md 
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0.485 1.54 0.558 0.824 
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= 400 


0.242 1.03 0.688 1.08 
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420 


0.503 1.49 0.543 0.808 


M 


= 420 


0.286 0.851 0.559 0.942 


M = 


450 


0.516 1.47 0.531 0.795 


M 


= 450 


0.328 - - 0.848 



we use the dipole form factor 

Gm^(Q^) = (56) 
1 + 



the fitted result deviates from the calculated one, as shown in Fig. O 
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FIG. 6: The parameterization of the magnetic-hke transition form factor G^® for the nK* 
transition as a function of Q^. Conventions as in Fig. [3l 



G- 



Since the effects of SU(3) symmetry breaking will be of great significance in determining 
the K*nQ coupling constants, we estimate the size of the m<, corrections to the G^®(0) and 
6*^(0), respectively, as follows: 

■ I (nO,mO) (ni,rrxO)| I (ml), ' ^"^^ 

\'-^E I + \'-'E I + \'-^E I 

nn& . I I ""^"1 = n in (^7\ 

M ■ I (no,mf')| , |^(ni,mO)| |^(mi)| \n oo\ ,1 n K i I , I ni«l ' 7 

\^M I + I + I 

showing that the corrections turn out to be about 10 — 15 % to the total form factors. 

For completeness, we also present the results for the electric-like and magnetic-like 
nK*~ — > transition form factors in Fig. [71 
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m,, = 180 MeV 

m.5 — 

0.00 ' 025 ' 050 ' 075 ' ToO 0.00 0.25 0.50 0.75 1.00 

FIG. 7: Electric-Like and magnetic-like transition form factors for the n — > as functions of 
Q^. The solid cm'ves depict those with mg = 180 MeV, whereas the dashed ones draw those with 
rrig = 0. The constituent quark mass is taken to be M = 420 MeV. At = 0, we have the 
following values: G^^^(O) = and ^^^^(O) = -0.291 without corrections: G^^^(O) = 0.082 
and G2f^(0) = -0.203 with m^. 

VII. RESULTS AND DISCUSSION FOR THE K* COUPLING CONSTANTS 

In order to estimate the K*nQ coupling constants from the electric-like and magnetic-like 
transition form factors, we use the VMD that has been discussed in Section IIIII In the large 
Nc limit, we have shown that the electromagnetic-like transition form factors can be simply 
related to the Dirac and Pauli transition form factors in Eqs.( H5l) and ( H6l) . Putting them 
into Eq. f|T2|) at = 0, we obtain the following relations for the K*nQ vector coupling 
constant QK'ne and tensor one fK*ne, respectively: 

9K'ne = fK* (0), fK*ne = fK' [G^f (0) - (0)] (58) 

In Table IIIH we summarize the values of the electromagnetic-like transition form factors at 
= 0. The results for the K*~^nQ~^ coupling constants are listed in Table HVl Since the 

TABLE III: The values of the electromagnetic-like transition form factors for the nK*~^ — > at 
= with and without mg corrections. The constituent quark mass M varies from 400 MeV to 
450 MeV. The final results are those for M = 420 MeV and MeV. 



■nis -- 


= 


G^e(O) G^f (0) 


nis 


= 180 


G^®(0) G^f (0) 


M = 


400 


0.486 


M 


= 400 


0.152 0.243 


M = 


420 


0.504 


M 


= 420 


0.142 0.286 


M = 


450 


0.516 


M 


= 450 


0.129 0.328 



K* vector coupling constant gK*ne depends only on the electric-like transition form factor 
G^®, it is rather stable as M varies, as shown in the left panel of Fig. [TJ However, the 
situation is slightly more complicated for the tensor coupling constant fx^ne- Since the 
vanishes in the SU(3) symmetric case, the tensor coupling constant is solely determined by 
the magnetic-like transition form factor G^f, so that it is still stable for the M due to the 



0.02 ■ 



m,5 = 180 MeV 
m,s = 



-0.25 
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TABLE IV: The results for the K*nQ~^ couphng constants at = with and without mg 
corrections. The constituent quark mass M varies from 400 MeV to 450 MeV. The final results 
are those for M = 420 MeV and m, MeV. 



rus -- 


= 


9K*n0 


fK*n0 


rUs 


= 180 


9K*ne 


fK*ne 


M = 


400 





2.80 


M 


= 400 


0.87 


0.53 


M = 


420 





2.91 


M 


= 420 


0.81 


0.84 


M = 


450 





2.97 


M 


= 450 


0.74 


1.16 



fact that the G^f is insensitive to the M without nis corrections, as shown in the left panel of 
Table [IVl When the rUs corrections are switched on, the fK*ne gets a negative contribution 
from the G^®. Thus, the size of the tensor coupling constant fK*n@ drastically decreases 
and moreover it becomes very sensitive to the constituent quark mass, as can be seen from 
the right panel of Table IIV[ 

Because of the facts that the G^® is finite only with SU(3) symmetry breaking due to 
the Ademollo-Gatto theorem and that the G^ is lessened by about 50 % due to the mg 
corrections, the effects of SU(3) symmetry breaking play an essential role in determining the 
K*nQ coupling constants, though the mg corrections contribute to the electromagnetic-like 
transition form factors by about 10 — 15 % as shown in Eq. fl57p . 

Considering the model uncertainty due to the dependence of the electromagnetic-like 
form factors on the constituent quark mass, we finally present the values of the vector and 
tensor K*nQ~^ coupling constants as follows: 



9K*Ne = 0.74 - 0.87, /k-nb = 0.53 - 1.16. 
Similarly, we also can compute the K*~n coupling constants as follows: 

9K*ni:^ = 0.42 - 0.50, /k-u^ = (-1.59) - (-1.67). 



(59) 



(60) 



The smaller uncertainty in the case of K*~n — s> compared to that in K*n — > 0"*" is a 
consequence of the fact that in the former case the form factors have different signs whereas 
in the latter case both form factors are positive, yielding a cancelation effect due to Eq. fl58l) . 
At this point we have to mention that a mixing of the Ei^ with radial excitations of the Sg 
has been neglected since in the present formalism radial excitations are not computable. 

It is also very interesting to see how strong the K*nQ coupling constants are in com- 
parison with the octet transition coupling constants, for example, with the octet A — > pK* 
transition. Within the same framework as the present work, we obtain the electromagnetic- 
like transition form factors for the A pK* as follows: G^^(O) = 1.22 and G^f{0) = 3.00 in 
the flavor SU{3) symmetric case. Note that in the case of the baryon octet there is no such 
large cancelation between the leading order and the rotational l/N^ corrections. Moreover, 
the rUs corrections are rather small. Thus, using Eq. fl58l) for the A — pK* process, we get 
the K*pA coupling constants as follows: 

|(7x*Ap| = 6.97, I/k.apI = 10.15 (61) 

which are comparable to those used in the Nijmegen baryon-baryon interaction 9^. Thus, 
we conclude that the K*nQ coupling constants obtained in the present work is very tiny, 
compared to the baryon octet ones. Moreover, this small values of the K*nQ coupling 
constant is in agreement with the conclusion of the recent measurement 9l| . 
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In Refs. [52I, |53|, the tensor coupling constant fK*Ne is set equal to zero, while the vector 



one Qk'NB is taken to be proportional to the Qkmb, since there is no theoretical guideline for 



it. Assuming that the has positive parity, Ref. [5^ takes gK*Ne 
Ref. [H^] employs gK*Ne being varied between —gKNef^ and QKNef^, i-e- 



KNB 



1.7 and 



-1.9 < gK^B< 



(52|,l53 



1.9 (Fe ~ 15 MeV). The values of the vector coupling constant gx'NB used in Refs 
are at least about two times larger than the present result. It implies that if the present 
results were employed in the calculation of the photoproduction one would have much 
smaller results for its production cross sections. 

In Ref. the very small decay width of the 6+ and flavor SU(3) symmetry being 
assumed, the nonzero tensor coupling constant fx* no = 1-1 is obtained from the value of the 
pseudoscalar coupling constant gxNe ~ 1.056, while the vector coupling constant is dropped 
out. The value of the fx^NS in Ref- [Ml is comparable to our value with M = 450 MeV, 



which is the largest one in the present work. Ref. [51[ predicted the total cross sections for 
the photoproduction: <Jtot{in A'~0+) < 1 nb and (JtotilP — ^ K'^Q) < 0.22 nb which 

, m. Note 



are consistent with the recent measurements by the CLAS collaboration [23|, |2J 
that, however, Ref. j5l| did not consider the vector coupling constant and assumed SU(3) 
symmetry. 

Ref. m extracted the fK*0N, assuming again flavor SU(3) symmetry and using their 
value of the n —* rij^ transition magnetic moment ji^]. Ref. [Ho] obtained the tensor coupling 



constants as follows: /k' 



BN 



1.10- 



10.48- 

^0 



1.28 1 . In the present work. 



■3. 14 1 and fK*-ps*o 

we obtain for the tensor coupling constant for K*~p —>■ the value fK*-pT*o = —1.17 in 
the SU{3) symmetries case. Since SU(3) symmetry was assumed, Ref. [SOl] was not able to 
extract the vector coupling constant. In the xQSM, we are also able to calculate the n — > njfj 
transition magnetic moment within the same framework with the same set of parameters. In 
the SU(3) symmetric case, we obtain finj^ = 0.30 n.m. for the transition magnetic moment. 
Following the formalism of Ref. [13], we get Jk'BN = 2.56, which is compatible to the value 
fK*BN = 2.91 presented in Table [TVl The range of the fK*BN given in Ref. [13] is larger 
than the present result of Eq. fl59|) . This may be due to the fact that the effects of SU(3) 



symmetry breaking have been neglected in Ref. 50| . 

If one uses the present results in reaction calculations like in Refs. jsil . [s^ . 53| , one will 
probably further bring down the total cross sections for the 0"'"-photoproduction. The 



production cross sections will turn out to be even smaller than those estimated in (51 



Thus, we want to emphasize that the K*NQ coupling constants obtained in this work are 



consistent with the recent findings of CLAS and KEK [23|, |25|, |91 



VIII. SUMMARY 

In the present work, we have investigated the electromagnetic-like transition form factors 
for the n — > 6"*" transition within the framework of the chiral quark-soliton model. We have 
assumed isospin symmetry and have incorporated the symmetry-conserving quantization. 
The rotational 1/Nc and strange quark mass rris corrections were taken into account. The 
value of the constituent quark mass, the only free parameter in the chiral quark-soliton 
model, was chosen in the range of M = 400 — 450MeV for which many properties of the 
octet and decuplet baryons are for many years known to be well reproduced. In accordance 
with previous calculations, we have selected M = 420MeV as the central value and take the 
dependence of the results on the constituent quark mass as our model uncertainty. We first 
have studied the electromagnetic-like transition form factors for the nK*^ — > 0+ process. 



20 



We have found that the electric-hke transition form factors for this process has a non- 
vanishing value at = solely due to the SU(3) wave-function corrections, which is a 
consequence of the generalized AdemoUo-Gatto theorem derived in this work. Since the 
wave-function corrections are dominant in the lower region and all other contributions 
turn out negative, the electric-like transition form factor behaves quite differently, compared 
to usual form factors such as the proton electric form factors. As a result, the electric-like 
transition form factors for the nK* — > B"*" changes sign at ~ 0.3 GeV^. Since the electric- 
like transition form factor at = is determined only by the wave-function corrections, we 
have obtained a very small value of the vector meson K* coupling constant for the n O"*" 
transition. In the chiral quark-soliton model we have the range of this coupling constant 
as: Qk'NO = 0.74 — 0.87. The present result is much smaller than those used in reaction 



calculations [52, 53 



When it comes to the magnetic-like transition form factor for the nK* O"*", we have 
found that there is a large cancelation between the leading order and rotational l/N^ correc- 
tions, which leads to the tiny magnetic-like transition form factor. Thus, even though the 
corrections are not large, they are still very essential due to that large cancelation. Because 
of this fact, the tensor coupling constant for the nK* — > 0"*" turns out to be rather small, 



i.e. it lies in the range of fK*Ne = 0.53 — 1.16. It is even smaller than those of Refs. |50l. |51 



It indicates that with the K*nQ coupling constants from the present results, the total cross 
sections for the jn K*Q will appear much smaller than those obtained in the reaction 



calculations |5ll . |52| . |53| . These very small K*n<d coupling constants are consistent with the 



recent CLAS and KEK measurements [23|, |25|, 

In conclusion, we have learned two significant features for the nK*^ O coupling 
constants from the present study: Firstly, the nK*^ 6 vector coupling constant does 
not vanish at the point = when the effects of SU(3) symmetry breaking are taken into 
account. Secondly, the tensor coupling constant gets even smaller with the corrections 
taken into account. Altogether those coupling constants are quite sensitive to the effects of 
SU(3) symmetry breaking and seem to be reduced considerably due to these effects. 
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APPENDIX A: ELECTRIC TRANSITION DENSITIES 



In the following, we list the explicit expressions of the densities relevant in Eq. fl38|) for 
each contribution to the electric-like transition form factors: 



B{z) = iV,(val \z){z\ val) - -£ ^ sign(£„)(n \z){z\ n), (Al) 

n 



C{z) = ^ i (val \z){z\ n){n \ 7° | val) 

, ^val 

£ri7=£val 

+ ^^'R^{en,em){m \z){z\ n){n \ 7° | m), (A2) 

n,m 

Ti{z) = — - (val \ z)t{z \ n) ■ {n \ T \ val) 



+ ^ ^7^3 (£„,£,„) (m I z)t{z \ n) ■ {n \ t \ m), (A3) 



12 

n,m 



I^(z) = ^ V i (val \z){z\ n''){n'' \ val) 

4 ^ SnO - ^val 

+ X S^3(^n,£r„o)(m° I 2)(Z | Tl) (n | m°), (A4) 



4 



lCi{z) = — - (val I z)t{z \ n) ■ {n \ 7°t | val) 



6 , ^val 

+ J^^5(£^n,£m)(?Ti I z)t(2 | n) ■ (n | 7°t | m) , (A5) 

K,2{z) = ^ y i (val \z){z\ n''){n'' \ 7° | val) 

4 ^ e^o - ^val 

where the states |val) and \n) stand for the valence and sea quark states with the correspond- 
ing eigenenergies £vai and e„ of the single-quark Hamiltonian h{Uc) in Eq. (fTBi) . repecticvely. 
The summation m° runs over the vacuum states for h{U = 1) due to the trivial embedding 
of Eq. (JT9l) . The regularization functions 71^ and 71^ can be found in Appendix O 



APPENDIX B: MAGNETIC TRANSITION DENSITIES 

In the following, we list the explicit expressions of the densities relevant in Eq. fl39p for 
each contribution to the magnetic-like transition form factors: 

Qo{z) = Nc{va\ I z)-f^{z x cr} ■ t{z \ val) 
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+ iV, J]7^l(£„)(^ I X a} ■ t{z I n), (Bl) 

n 

= ^^^^^^(n I 2)7^{2 X cr} X T(val | z) ■ (val | r | n) 

+ i^^'J^i{£n,£m){n I 2)7^{2; X cr} X r(2; \ m) ■ {m. \ r \ n), (B2) 

n,m 

= Nc Y (val | z)'-f^{z x (t}{z \ n) ■ {n \ t \ val) 

, ^val 

e7i7=£val 

+ -^^7^5(e„,em)(m | z)'y^{z x fT}{z \ n) ■ {n \ t \ m), (B3) 

A'2(z) = AT,^ i (val I z)-f^{z X cr} ■ t{z \ n°)(n° | val) 

+ iVe5^7^5(£™,£„o)(m I 2)7^{z X cr}.T(z I n°)(n° I T I m), (B4) 

Mo{z) = — ^ i (val I z)7^{z X cr} ■ t{z | n)(n | 7° | val) 

- ^2^7^2(£:n,£^m)("^ | z)-f^{z x cr} ■ t{z \ n){n \ 7° | m), (B5) 

n,m 

Mi{z) = ^ (val I z)'j^{z X a}{z \ n) ■ {n \ 7°t | val) 

"J , £n ^val 

- ^ 7^2 (m I z)'j^{z X (t}{z \n) ■ {n\ 7V | m), (B6) 



n,m 



M2{z) = — ^ (val I z)-i''{z X cr} ■ t{z \ n''){n'' \ 7° | val) 

- Y ^ ^2(^n,£n^o)(n I z)-f'{z X Ct} ■ t{z \ m^) {ui^ \ \ u) . (B7) 
n.mP 

The regularization functions can be found in Appendix O 
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APPENDIX C: REGULARIZATION FUNCTIONS 



The regularization functions in the electromagnetic transition densities are given as fol- 
lows: 



^ny ) 



1 ^m.^ 



-.e 



2\/TXU 



duz 

1/A2 

1 du 



2 2 2 2 



'■rn I n 



2v^ 7l/A2 Vu 



27r J1/A2 

1 signgn - signe^ 

2 £n 

1 - sign(£„)sign(£. 



\/ a(l — a) 



(CI) 
(C2) 
(C3) 

(C4) 

(C5) 
(C6) 
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